Abstract. In order to get the fusion of small capsules containing a deuterium-tritium nuclear fuel, the MegaJoule laser (LMJ) will focus a large number of laser beams inside a cylinder (Hohlraum) which contains the fusion capsule. In order to control this process we have to know as well as possible the electromagnetic field created by the laser beams on both Hohlraum's apertures. This article describes a numerical tool which computes this electromagnetic field from the definition of the laser beams in front of the focusing gratings. Despite its apparent simplicity, this computation necessitates a two step plane wave decomposition and the size of the data requires the use of a parallel strategy with a large number of processors.
Introduction
The laser MegaJoule (LMJ) will have a large number of chains. Each chain is joining two sets of four laser beams, sets designed below as quads. Each quad of laser beams will be focused on a fusion target. The beams will cross through one of the two openings of the Hohlraum chamber, before propagating in the plasma and interacting with the inner surface of the cylinder. It is therefore important to have an accurate description of the total electromagnetic field resulting from the superposition of the LMJ laser beams at the openings of the Hohlraum. This total field is necessary to compute the subsequent plasma evolution. On the other hand, the total field can help to quantify the influence of some laser characteristics, such as the timing of the beams, smoothing, or reducing the FM/AM effect. Indeed, it is not the total instantaneous local field that is directly affecting the interaction physics but its statistical properties as the size of the focal spot size or density of hot spots or their average length. The problem seems as beams are propagating in a vacuum and their interference is described by a linear equation. The difficulty stems mainly from two facts. First the input face of Hohlraum is not perpendicular to the axis of the beams and therefore does not correspond to the focal plane. Thus, the paraxial approximation that is defining the beam structure in the focal plane by the Fourier transform of the field before passing through the focusing system can not be used a priori. Secondly, given the size of the beams, the phase introduced by the gratings varies increasingly regarded as the point moves away from the centroid of the beams. This requires a high resolution in the Fourier space or equivalently a very fine mesh.
The ultimate goal of this work is to obtain a spatial and temporal description of the total field. We developed an efficient numerical approach for the calculation of the laser field obtained after focusing and overlapping of all quads (Figure 1 ) contributions on one side of the target (Figure 2 ). The purpose is to define an efficient numerical approach to compute the total spot electric field created by a set of laser beams(quads). This will allow at the LMJ facility to control the target irradiation and to achieve a symmetric implosion. Figure 1 . Description of quads. A quad is a set of four beams which are parallel and centered on the vertices of a square orthogonal to the direction of beam propagation. Specified angles define the propagation axis. In practice, only the first three angles of incidence are used, with the last three corresponding to the opposite side. 
Model
A single laser beam, identified with the index , is defined by a plane centered at the vertex x x x and orthogonal to the propagation direction n n n 0, and the electric field E (ξ ξ ξ , t) on this plane, where ξ ξ ξ ∈ R 2 is the coordinate associated to the plane with ξ ξ ξ (x x x ) = 0 . For any point x x x in the space, we define by β β β (x x x) the coordinate related to the following beam as
where the set (n n n 0, , n n n 1, , n n n 2, ) is an orthogonal basis and Ω the focal spot. We also define spatial coordinates ξ ξ ξ and spectral coordinates θ θ θ in the transverse direction of the laser propagation:
where C C C is the domain of definition (in the phase space) of the initial beam. The last point of the modeling is to define the incoming electric field. In the present paper, this field is the one obtained after a focusing gratings. It is defined by the Fourier transform in time as
where A ξ ξ ξ , ω described the laser beam before the gratings and ϕ ξ ξ ξ , ω is the phase change associated to the focusing gratings. Then we can compute the Fourier transform E θ θ θ , ω as
where C C C is the domain of definition (in the physical space) of the initial beam. In order to estimate this integral we use the fact that, the Fourier transform of a product is the convolution of Fourier transforms :
However the function exp − ı ω c ϕ ξ ξ ξ , ω is not integrable, its modulus is equal to one and it strongly oscillates. To overcome this difficulty, let us consider the following integrable function
where ε > 0 is a small parameter that will be set to zero to recover the original estimation.
On the other hand we assume the following phase profile
For the target applications, we can use such a profile with µ = ω * cf , where f is the focal length, and ω * the frequency for which the focusing gratings have been defined. Then
The scaling property of Fourier transform reads:
Moreover, ∀α ∈ C with a strictly positive real part, one obtains:
In the present case we use these formulas, in two spatial dimensions,
We apply this formula with α ε = ε + ı µ 2 to obtain
and, taking the limit of ε going to zero, we get
where H ζ ζ ζ , ω = A ζ ζ ζ , ω Φ ζ ζ ζ , ω and
If the phase profile is a quadratic fuction of θ θ θ , the computation of E θ θ θ , ω is given by the following relation
However, the phase profile is defined by
f is the focal length, φ the incident beam angle and N (β β β ) the density associated to the focusing gratings. In practice, the second term 1 − ω * ω sin φ is small compared to the first term, so that the following approximation can be used
In the general case, we can still use the preceding result obtained for the quadratic phase, by considering a modified amplitude B ξ ξ ξ , ω
For practical applications, the phase function ϕ ξ ξ ξ , ω and the amplitude profile A ξ ξ ξ , ω are the input data. Then the electric field on the target surface is given by
where x x x is a point of the target surface and E θ θ θ , ω defined as follows
. Substituting µ = ω * cf , we obtain:
Then we can compute, for any point x x x of the target surface the contribution E E E (t, x x x) of the laser beam on the electric field. The total electric field is the sum of all contributions:
3. Numerical approximation
Numerical scheme
Let us consider a non overlapping finite volume decomposition of the domain C C C and describe the Fourier space by a finite number of spatial frequencies:
Let us consider a piecewise constant approximation of E (θ θ θ , ω) defined by
where X ij are characteristic functions of C C C ij , centered at θ θ θ ,i,j , X m (ω) are characteristic functions of I m , centered at ω m . Then, the value E ,i,j,m can be approximated as follows
Therefore, we can estimate the electric field E E E (t, x x x) as
with
where β β β (x x x) = x x x − x x x and θ θ θ , ω are as defined in the previous section. In order to obtain a simple and accurate estimation of Q ,i,j,m , let us perform a Taylor expansion of k z, θ θ θ , ω at the point θ θ θ i,j , ω m :
Then, after straightforward algebra, we get the following approximation for φ θ θ θ , ω = k k k θ θ θ , ω · β β β (x x x) − ωt :
where, for clarity, the index has been removed (θ θ θ ij ≡ θ θ θ ij ),
For an uniform mesh I m = ω m − δω 2 , ω m + δω 2 and
The value of Q ≡ Q ,i,j,m (x x x, t) is computed as
where it is assumed that G ,h (t, x x x, ω m , θ θ θ ij ) ≡ G ,h (x x x, ω m , θ θ θ ij ) and
Indeed, when δω and δθ θ θ are small enough, we have G ,h (t, x x x, ω m , θ θ θ ij ) δωδθ θ θ. Another assumption that is consistent with target applications is that
where T (ω) is the Fourier transform of a given temporal profile T (t) and A ξ ξ ξ is the given spatial profile.
The main steps of the numerical scheme are thus (Software Design):
• Compute the vector A ξ ξ ξ that components are A (ξ ξ ξ ) i,j ,for i = 1, · · · , N x and j = 1, · · · , N y .
• Perform fast Fourier transform T (t) to obtain T (ω m ) for m = 1, · · · , N w E ,kx,ky,m G ,h (x x x, ω m , θ θ θ kx,ky ) exp ı θ θ θ kx,ky · ξ ξ ξ (x x x) + k z, z (8) Total field generated by the sum of laser spots:
• Perform fast Fourier transform E E E(ω m , x x x) to obtain E E E(t, x x x). For this last step we need to save an array of the size N w × N f x × N f y 
Parallel Strategy
where N g is the number of group at this level. At this level we do not need any exchange of messages between groups. Then, if the load balance is achieved with one process per group, the efficiency is optimal.
If the computation of E E E g (t, x x x) can not be achieved on one process, another step of the parallel strategy is performed by a domain decomposition of the domain associated to the initial laser beams : If the two levels are used, a process will be associated to a group g and will compute the contribution E E E g,e (t, x x x) associated to C C C e and C C C e , such as
Computation of E E E g,e (t, x x x) and E E E g (t, x x x) needs to exchange messages between process of the same group. This is achieved by the use of Message Passing Interface (MPI) and a parallel version of the FFTW (Fast Fourier Transform in the West) [4] .
Application
In order to test the possibilities of the method described above, several computations have been run on the machines Titane and Platine at the CCRT center near Paris. For any computation, the data are the electromagnetic field, corresponding to a quad, at the entrance of the experimental chamber provided by the MIRÓ code [3] . It takes into account all components of the LMJ chain, including the phase plates. But it does not account for the focusing gratings and their effect on the signal phase. The effects of the focusing gratings are included in the data as it was explained in the above sections.
The first type of calculation was done for a monochromatic quad at the wavelength of 351 nanometer whose direction corresponds to a value of 49°for the angle ψ and to 288°for the angle θ. The field is calculated at the Hohlraum entrance located at the target center with the normal directed at ψ = 0 and θ = 0. Two calculations have been done to compute the electric field on 1024x1024 points in a square of 125µ centered on the middle of the entrance face of Hohlraum. The first calculation uses data defined on a 1024x1024 mesh and a 2048x2048 mesh has been used for the second computation. The field amplitude is shown respectively on figures 5 and 6. The results are almost the same. This as well as other results show that initial data defined on a 1024x1024 mesh are generally enough. The 2048x2048 mesh should only be used for very precise results.Those computations ran respectively 28 minutes and 125 minutes on 64 cores, 8 nodes (2 Intel® Nehalem , Quadri-Core, 2.93 GHz, 24 Go) of Titane.
The second type of calculation presents an example with a large number of monochromatic beams and very fine meshes. The data are defined on a 2048x2048 mesh, while the solution is computed on a 2048x2048 mesh. Figure 7 shows thus the electric field amplitude at the Hohlraum entrance for 120 beams (30 quads). This computation ran 21 hours on 1936 cores, 242 nodes (4 Intel® Itanium®II, Dual-Core, 1.6 GHz, 128 Go) of Platine. With this large number of beams the focal spot has a form of a circle. On the other hand despite the large number of points, the mesh is not fine enough to describe the structure of the hot spots. This was not the case for a quad. Thus a superposition of a large number of beams modifies seriously the hot spot structure. Another computation on a smaller surface would be needed to observe this structure.
Figures from 8 to 11 illustrate the possibility to calculate the electric field on any surface. They represent the distribution of intensity created by a quad on the inner surface of a Hohlraum assuming propagation in vacuum. This surface is parameterized by the projection on the cylinder z axis which gives the ordinate and by the azimuthal angle which defines the abscissa. Figure 8 corresponds to a cone (ten quads) entering with an angle ψ = 33.2°(see figure 3) . Similar distributions for the angles of 49°and 59°are presented on figures 9 and 10. While in figure 10 the focal spots of the four beams of a quad are virtually superimposed, they seem to begin to separate for the other angles. This affects the focal spot in the direction of the axis of Hohlraum. On the other hand, the focal spots are spread over almost sixty degrees, which ensures a good recovery of focal spots for the ten quads of a cone.The figure 11 shows the surface illuminated by the three cones.The advantage of this approach is that we need to compute the field for only one quad per cone. The fields induced by the other quads are simply obtained with a rotation.
Finally to illustrate how the optical smoothing works two runs with time variation of the laser beams have been performed. One for a surface containing the focus spot, and the other for a smaller surface inside this spot. For both runs the ten quads from the cone with angle ψ = 33.2°have been considered. The smoothing of the laser beams is obtained by multiplication of the input data with a phase term equal to exp 15i sin ω s · t where ω s is the smoothing frequency corresponding to the introduced spectral width. The energy flux through the Hohlraum entrance is plotted in the right of figures 12 and 13 . It should be compared with the left parts of those figures which corresponds to the same results for a monochromatic beam.Each computation in the time domain was equivalent to 28 monochromatic runs and took 7 hours on 28x196 cores from Titane. These results show that the optical smoothing significantly improves the homogeneity of the laser irradiation of the focal spot.
Conclusion
The ultimate goal of this work is to obtain a spatial and temporal description of the total field created on the target in the LMJ laser installation. We developed the methodology and presented the first results for a large variety of configurations. Monochromatic waves as well as pulses have been considered. The computation time is, as expected, large but remains realistic. If for one beam or a quad, a single computation is necessary to obtain the focus spot size as well as its structure, this is no longer true for a large number of beams. In this case indeed, the hot spots are too small and a second computation is needed to study the hot spots structure. This numerical tool should be useful for laser specialists as well as for plasma specialists, and it could become a meeting point between both groups. It will help to understand the influence of many parameters from the laser chain and to define the boundary conditions for computations of the plasma evolution in the Hohlraum. 
